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Abstract 

Natural silicate-containing apatites (called brithotites) are found in rare geological areas and contain large amounts of 
actinide and lanthanide elements [J-3|. Such compounds can be synthetised by a solid sutc leactton at high temperatures. 
As for the well-known fluoroapatite Ca,„(PO^)^Fj and oxyapatite Ca,o(PO^)^Oa (□ = vacancy) these compounds were 
prepared by the substitution pair (La*", SiO*") for (Ca^"^, PO^"). The general formula of the compounds arc given by 
Ca,o-,La,(SiO,),(POJ^_,F,. 0^x<6, and Ca,„.,U,(SiO J,(POJ^_,Oa 0^x:<6. They were analysed by X-ray 
diffraction and infrared spectroscopy. The synthesis has to be performed accurately to avoid the formation of poorly reactive 
intermediate phases. 
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1. Introduction 

Apatites form a large family of isomorphous 
compounds with the general chemical formula 
Me,(,(X04)Y2, whertib Me generally represents a 
divalent cation (Ca^^TSr^*, Pb^", Cd^", etc), XO^ a 
trivaient anionic group (POj~, VO^", AsO^", etc) 
and Y a monovalent anion. A well-known repre- 
sentative member of the apatitic family is calcium 
phosphate fluoroapatite Ca,o(POJ^F2. 

Apatites generally crysuilize in the hexagonal 
system (spatial group P63/m) [4]; the quasi-compact 
arrangement of the anion groups (XO^) forms the 
skeleton of the apatite and exhibits two types of 
channels. The first is occupied by four Me cations 
with a Ch symmetry, placed on the ternary axis and 
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called MeL The second is occupied, on its periphery, 
by six Me cations with Cs site symmetry and is 
called MelL The Me 11 cations are placed on two 
equilateral triangles at level 1/4 and 3/4 centered on 
the 6-fold axis (Ftg. I). Y * anions are located on this 
axis and benefit from a large mobility. 

All the elements of the apatite structure can 6c 
substituted. When the substitution concerns elements 
with different ionic charges it is possible to equili- 
brate the charge balance [5]. For example it is 
possible to substitute trivaient cation for divalent 
calcium^ if the charge is balanced by substitution of a 
tetravalent group for the trivaient phosphate group 
(6-8). 

Complete series of fluoro- and oxy*apatite were 
prepared by the substitution pair (La'*, Si04') for 
(Ca^*, POj"). Trivaient kanthanides are considered 
as chemical analogues of radioactive elements, such 
as americium and curium, and lanthanum has been 
used for the synthsts. The final material are synthetic 
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Fig. I. The apatite structure (P6,/m). Ejiample of the hydroxy apatite (Ca,„(POJ»(OH)j: projection on the 001 plane. 



analogues of natural britholites which behave like 
geological stable confinement matrices for actinides, 
lanthanides and fissiongenic elements (9,10]. 



2. Equipment and method 

2.1. Preparations 

Various methods for the preparation of apatites 
exist. The introSuction of silicates in phosphocal- 
cium apatites is possible by high temperature solid- 
solid reaction between IKKyC and 1400°C. The 
fluoride compounds were prepared by reacting an 
initial mixture with LajOj/CaFj/SiO^/Ca^PjO^/ 
CaCOy and the oxygenated compounds with the 
initial mixture LajOj/SiOj/CajPjO^/CaCOj. All 
the reagents were of analytical quality for the 
analysis (PROLABO). 

One of the advantages of this method is the 
facility of calculation of the weights of the different 
compounds to obtain the stoichiometry. On the other 
hand, the solid- solid reaction presents some dis- 
advantages, especially as regards obtaining a 
homogeneous compound; also the large number of 



compounds in the initial mixture, can induce the 
formation of poorly reactive intermediate phases. 

The two reacdons of formation of the fluoro-and 
oxy-apatite can be represented by 

x/2 La^Oj + ICaFj + BCaCOj 
+ xSiO^ + (6 - j:)/2 Ca^^P^O^ 

Ca,o-.U,(SiOJ,(POJ,.,F, + 4CO3 

with x~ 1, 2, 3, 4, 5, 6; and 

x/2 La^O, + 4CaC03 xSiO^ + (6 - x)f2Cji^PiO^ 
^ Ca,o_,La,(SiO,),{POJ,_,On + 4CO, 

with jr = 2, 4, 6. In fact, for the preparation of the 
fluoroapatite, in order to increase the rate of the 
reaction and to compensate for volatilization losses, 
the CaFj quantities are multiplied by the factor 1.2 
with respect to the stoichiometry. 

Z2, Method 

The method consists in a preliminary treatment 
followed by one or several grinding-calcination 
cycles. 
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Fig. 2. X-ray diffraction diagrams of the compound 
Ca^La,<SiOJ^(PO^)jOa with one (a) and three (b) grinding- 
calcination cycles. 

2.2. 1. The preliminary treatment 

A preliminary treatment is necessary to obtain 
well-crystallized apatites. It consists of heat treating 
the mixture at 9(XfQ for several hours with inter- 
mediate grinding and allows release of COj gas, 
giving a homogeneous mixture. 

2.2.2, The grinding -calcination cycles 
According to the silicate /phosphate ratio of the 

final apatite, the calcination temperature differs; it 
increases with the amount of silicate. 

In the case of pure phosphate or silicate apatites, 
just one grinding-calcination cycle is sufficient to 
obtain well crystallized apatite. Apatites which con- 
tain the two anionic groups, simultaneously, need 
two or more treatments (Fig. 2). According to the 
silicate and phosphate'cbntent, three parameters have 
to be taken into account: the number, the temperature 
and the duration of thS treatments. 

The X-ray diffraction patterns have been obtained 
from powdered samples using a CPS 120 I^f£L 
diffractometer (Ka, cobalt, internal standard: a- 
AI^O,) and infrared spectra have been recorded 
between 4000 cm"' and 400 cm"' using a Pcricin- 
Elmer 7700 FTIR spectrometer. 



3. Characterization 

X-ray diffraction confirms that all the compounds 
arc formed by a pure apatitic phase which crys- 
tallizes in the hexagonal system (space group: P63/ 



Table 1 



Cell parameters and density of oxy- and fluoroapaxites 



Compounds 


0 (A) 


c(A) 




P 


Ca,U,{SiOJ,F, 


9.6503 


7.1412 


575.95 


4.568 


Ca.U,(SiO,UPOJ,F, 


9.591 1 


7.0717 


563.37 


4.104 


Ca,U,(SiOj,(POJ,F, 


9-5027 


6.9806 


545.90 


3.652 




9.3842 


6.8r78 


527.71 


3.174 


Ca,U,(SiO,)40G 


9.6351 


7.IJ41 


573 J6 


4.523 


Ca,La,(SiOJ,(POj,OD 


9.5843 


7.0444 


561.99 


4.049 


Ca,U,(SiOJ,(PO,),oa 


9.4802 


6.9570 


541.49 


3.614 


Ca„(FOJ,OQ 


9.4116* 


6.8747' 


527.74' 


3. 104* 



* Extrapolated values. 

m). The cell parameter values are reported in Table 

I- 

The formation of the compound can be considered 
as a coupled substitution of (La**, SiO^") for 
(Ca^^, POj"). This replacement modifies the cell 
parameters which increase with the simultaneous 
introduction of lanthanum and silicate ions. 

Concerning the silicate and phosphate groups, the 
average lengths of the Si-O and P-O bonds arc 
respectively 1.62 A and 1.51 A; concerning the 
lanthanum and calcium cations, La^* (1.03 A) is 
slightly bigger than Ca^* (0.99 A).^ The coupled 
substitution induces an average radius increase of 
both cationic and anionic groups and, consequendy, 
in agreement with the well-known rules of substitu- 
tion in the apatitic lattice, an increase of both a and c 
parameters. 

Figs. 3-5 plot the variations of a and c parame- 
ters and the variations of the volume of the apatite 
versus the amount of lanthanum (or silicate) in the 
celt. The linear variation is in agreement wit6 
Vegard's law and it can be copcluded that oxy- and 
fluoro calcium-lanthanum silicate-phosphate apa- 
tites form a solid solution with the general formula 

Ca.o.,La,(SiO,),(PO,)^_,F„ 0^x^6. (I) 

Caio-,La,(SiO,),(PO,)^_,Oa 0^xiS6, (2) 

Two facts can be pointed out: 

For a given lanthanum and silicate composition 
(same x value), a difference appears between oxy- 
and fluoroapatite parameters; this difference is quite 
complex to explain, and partly due to the presence of 
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unit cell parameters (a) of apatite versus silicate content 



a (A) 



%7 




0 2 4 6 

Ca10(P04)6Y2 (904) g r o upcme n ts per eel Ca4La6(904)6Y2 

Fig. 3. Variations of a parameters of the apatite versus the amount of silicate in the cell. 



vacancies in th^oxyapatite and fluorine ions inside 
the channels. - 

Another poiiS concerns the calcium phosphate 
oxyapatite. It is impossible to obtain this compound 
with only O* ions in the channeL Sli^t hydroxy- 
lation always occurs. Nevertheless, using the regres- 
sion line, the parameters of the pure oxy-apatite can 
be evaluated; the values: a = 9.412 A and c = 6.875 
A are quite close to the values reported in the 
literature (a = 9.420 A; c = 6.890 A). 

Interpretation of the IR spectra is complex. The 
different types of bands were assigned by com- 
parison with the well-known fluoroapatite 
(Ca,o(PO^)6F2). The tetrahedral SiO^ and PO^ 
groups present similar vibrations. This assigrunem 
was confirmed with the variations of the intensities 



and the displacement of the band conrelated with the 
silicate and phosphate content of the apatites (Fig. 
6). The daU are reported in Table 2. 



4. Discussion 

The total substitution of Si04 for PO4 in the 
apatitic lattice appears to be possible; the charge is 
balanced by the introduction of trivalent lanthanum 
for divalent calcium. The X-ray diffraction confirms 
that a solid solution exists between the two limit 
compounds 



Ca,o-,La,(SiO J,(PO,),.,F2, 0 :£ x ^ 6, 



(3) 




€•8- 



Ca10(PO4)6Y2 



2 4 

(Si04) groupements per cei 



Ca4La6(Si04)6Y2 



Rg. 4. Variations of c parameters of apatite versus the amount of silicate in the cell. 



Ca,o-,La,{SiOJ,(Pa»%.,Oa 0<x<6. (4) 

This solid solution foffi>ws^Vegard*s law. 

The synthesis temperamre is different for phos- 
phate apatites and silicate apatites. Both the kinetic 
and the thermodynaniic of the reaction would control 
the synthesis of such compounds. 

In both cases of pure phosphate apatites and pure 
silicate apatites, an increase of temperature favors 
the reaction rate. In the case of silicate apatites, a 
high synthesis temperature (1400^0) is necessary to 
obtain a sufficient reaction rate and a pure apatitic 
phase. On the contrary, in the case of phosphate 
apatites so high a temperature can induce the forma- 
tion of poorly reactive intermediate phases as for 
example tetracalcium phosphate Ca^PjO^ at 1400°C 



and consequently the ftnad compound is not pure. In 
general these phases are poorly reactive. It is there- 
fore difficult to obtain pure apatite, even wicft 
additional low-temperature treatments. Consequently^ 
the synthesis of pure phosphate apatites can be more 
easily realized by a calcination at 1200°C. 

For the intermediate compounds, a necessary 
compromise has to be found between the temperature 
and the duration of the heating. For compounds 
which have a high phosphate content (x—\^ 2, 3), it 
is better to maintain the temperature at 1200-125(rc 
to increase the reaction time. If the final compound 
contains extra silicate phases, the temperature has to 
be very slowly increased. For compounds which 
mainly contain silicate (jc = 4, 5, 6) it is preferable to 
heat at high temperature for a short time. 
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cell volume variations of apatite versus silicate content 




Ca10(P04)eY2 



(Si04) groupements per eel 



Ca4La€(S04)€Y2 



Fig. 5. Cell volume variations of apatite versus the amount of silicate. 



The britholites obtained have been observed in 
scanning electron microscopy (Figs. 7 and 8). 

At a macroscopic level, it is interesting to notice 
that the total volXime of the compound obtained after 
the first calci^tiqn decreases when the silicate 
content increases. This volume decrease can be 
correlated with an increase of the cohesion of the 
compound obtained. The explanation for these ob- 
servations could be: at the temperature of calcina- 
tion, necessary for the synthesis of silicate-phos- 
phate apatites, Ca2P207 is fused; this liquid phase 
favors the displacement of particles, the atomic 
mobility and finally contributes to increase the 
reactivity and to reduce the porosity. 

An increase of the Ca2P207 content in the initial 
mixture, thus would explain the decrease of volume 
and the increase of the cohesion of the compound 
obtained after the step calcination. As soon as. 
Ca^PjO^ has completely reacted (consummation of 
the all amorphous silica phase), the formation of a 



dense hard product is no more possible, even with a 
new step of grinding-calcination. The compound 
obtained is a stoichiometric silicate phosphate apa- 
tite. 



5. Conclusions 

It is possible to prepare apatite containing both 
trivalent phosphate and tetravalent silicate groups. 
The charge is balanced by the cationic substitution of 
trivalent lanthanum for divalent calcium. The general 
formula of such fluoride or oxygenated compounds 
are: 

Ca^o-,La,{SiO,),(POJ^.,Fj, 0=£x^6, (5) 



Ca,o.,La,(SiO,),(POJ^_,Oa 0:Sx:s6. (6) 
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Calcination temperature is a very important parame- 
ter for the syntlKsis of apatites: it increases with the 
silicate content from I20(fC to XAO^C. 

Lanthanum was chosen to represent the rare earth 
family. However, the introduction of other trivalent 
elements from this family can be performed in the 
same way. 



These materials can be considered as synthetic 
analogues of natural apatites. According to the 
properties of natural silicate-apatites, the possibility 
of obtaining synthetic apatites with a definite com* 
position allows the {Heparation of materials suitable 
for use as high performance matrices for long*lived 
radioactive wastes. 
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Tabic 2 

IR absorption bands of oxy- 


and fluoro-apatites 










V. (cm") 


vj (cm"') 


V, (cm") 


K (cm"*) 


IR bands of the PO4 in the following compounds 

Ca,La.(SiO,),F, 

Ca,La,(SiO,),(POJjFj 

Ca.Laj(SiO,),(POJ,F3 954 
Ca.«(PO,),F, 964 


471 


1056 

1048 + sh' 
1045-1094 


574- 601 

575- 602 
575-603 


Ca,La,(SiO,)^Oa 
Ca.U,(SiOJ^CPO^),Oa 
Ca,U,(SiOJ,(PO,),Oa 
Ca,«{PO,),Oa 


955 
962 


473 


1054 

1044-1086 
1044-1090 


560- 600 

561- 601 
571-601 


IR bands of the SiO^ in the following compounds 
Ca,U»(SiOj^F, , ^ 884 
Ca^La,(SiOJ,(l>Oj,F, 882 
Ca.La,(SiOJ,(POJ,F, 886 
Ca,o(POJ,F, 

Ca^LaJSiOJ^OQ 882 
Ca,U,(SiOJ,(POJ,00 882 
Ca,Uj{SiOJi(PO,)^Oa 887 
Ca,o(PO,)*Oa 


406-459 
414-472 
422 

408-459 
414-472 
413 


924-962 
932-962 
• 932 

924-963 
928-953 
928 


500=542 
$14-550 
562 

499-542 
508-550 
510 



' Shoulder. 




Fig. 7. Scanning electroa microscopy study of britholitc Ca,^_,La,(Si04),(P04)ft_,F, with x=l. 
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Rg. 8. Scanning electron microscopy study of bhiholite Ca,o_.La,(SiOJ,(PO^)4.,F, whh jr = 6. 
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